modified by advanced glycation endproducts (AGE) such as N ε -carboxymethyl lysine, pyrraline and pentosidine (Maillard reaction). Based on the fact that AGE themselves are insoluble molecules with direct cytotoxic effects, the granule-coated fibrils and granular materials are not digested by the lysosomal and ubiquitin systems. The neurons and astrocytes of the normal individuals and non-transgenic mice show no significant immunoreactivity for AGE. Considered with the mutant-SOD1 aggregation toxicity, a portion of the SOD1 comprising both types of the inclusion is modified by the AGE, and the formation of the AGE-modified SOD1 (probably AGE-modified mutant SOD1) is one of the mechanisms responsible for the aggregation (i.e. granule-coated fibril formation).
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal and ageassociated neurodegenerative disorder that primarily involves both upper and lower motor neurons. 1 The prevalence rate of ALS is approximately 5-10 cases per 100 000 population. 2, 3 Approximately 5-10% of all patients are familial ALS (FALS), most of the others are sporadic ALS (SALS). 2, 3 FALS is subclassified neuropathologically into mainly two types. 4 One type is the classical form identical to SALS; the other is the form with posterior column involvement, and it is characterized by the degeneration of middle root zones of the posterior column, Clarke nuclei and posterior spinocerebellar tracts, in addition to the lesion of the motor neuron system (Fig. 1 ). Charcot and Joffroy reported the presence of ALS in 1869, 5 but more than 120 years of research had not been able to determine its etiology. However, linkage analysis of certain FALS families had shown that the genetic locus is linked to chromosome 21q. 6 In 1993 Deng et al. 7 and Rosen et al. 8 indicated that this locus partially overlaps the genetic locus of superoxide dismutase-1 (SOD1): the SOD1 gene lies on chromosome 21 (21q22.1), spans 11 kb of chromosomal DNA, and consists of five exons Although the SOD1 immunoreactivity in the LBHI with a core and a halo (arrow) is almost restricted to the halo, in illdefined LBHI (arrowheads) the immunoreactivity distributes throughout the entire portion of each of the inclusions (no counterstaining).
interrupted by four introns, and encodes a protein of 153 amino acids. 9 The SOD1 exists as a homometric dimer. 10 Three isoforms of SOD have been identified: Cu/Znbinding homodimeric cytosolic SOD1 (32 kDa), Mndependent homotetrameric mitochondrial SOD2 (88 kDa), and Cu/Zn-binding homotetrameric extracellular SOD3 (135 kDa). 11 They are encoded by separate genes at different chromosomal loci: 21q22 (SOD1), 6q21 (SOD2) and 4pter-q21 (SOD3). 9, 12, 13 
NEURONAL LEWY BODY-LIKE HYALINE INCLUSIONS (LBHI) AND ASTROCYTIC HYALINE INCLUSIONS (AST-HI) IN MUTANT SOD1-LINKED FALS PATIENTS
Neuronal LBHI were first described as a characteristic feature of FALS patients with posterior column involvement by Hirano et al. in 1967. 14 As seen in hematoxylin-eosin (HE) preparations, neuronal LBHI show eosinophilic cores with paler peripheral halos (Fig.  2a) . Since the discovery of SOD1 gene mutation in FALS patients, neuronal LBHI in affected anterior horn cells in the spinal cord have been thought to be a morphological hallmark of mutant SOD1-linked FALS with posterior column involvement. 2, 3 In relation to SOD1 gene mutation, neuronal LBHI in mutant SOD1-linked FALS are intensely positive for SOD1 (Fig. 2b) . Although SOD1-positive LBHI are distributed mainly in motor neurons The same section of an astrocytic hyaline inclusion (Ast-HI) stained with HE (a) and antisuperoxide dismutase-1 (SOD1) antibody using 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) (b). (a) An Ast-HI appears as an eosinophilic inclusion with a core and a halo (ϫ2000). (b) Immunostaining for SOD1 using DAB after the decolorization of the HEstained section in (a). The Ast-HI is intensely positive for SOD1; no counterstaining (ϫ2000). Nu, nucleus.
in mutant SOD1-linked FALS, they are also observed in non-motor neurons in the multisystem degenerationtype FALS with SOD1 gene mutation. At low-power magnification the ultrastructure of neuronal LBHI shows that they consist of filamentous materials having dense cores with rough peripheral halos and no limiting membrane (Fig. 3a) . High-power magnification (Fig. 3b) shows that LBHI are composed of granule-coated fibrils about 15-25 nm in diameter and granular materials. The abnormal granule-coated fibrils are about 15 nm wide in naked parts with no granules and are 25 nm wide in widest parts with granules. Although LBHI have 10 nm neurofilaments, these neurofilaments are located mainly in the halo and are rarely seen in the central core portion (Fig. 3b) .The ultrastructure of neuronal LBHI in the motor systems, including anterior horn cells of the spinal cord, is identical to that of neuronal LBHI in the non-motor systems. Astrocytic hyaline inclusions (Ast-HI) were first reported by Kato et al. 2, 3, [15] [16] [17] [18] in 1996, when the Ast-HI were observed in long-term surviving FALS patients with SOD1 gene mutation. Ast-HI are eosinophilic inclusions when stained with HE, and sometimes show eosinophilic cores with paler peripheral halos: Ast-HI are similar to neuronal LBHI in HE preparations (Fig. 4a) . The inclusions are generally round to oval, and sometimes sausage like in shape. As in neuronal LBHI, Ast-HI are intensely positive for SOD1 (Fig. 4b) . At lower magnification of the electron microscope, Ast-HI appear as globular structures that are well demarcated from other cytoplasmic structures but have no limiting membrane ( Fig. 5a ). At higher magnification ( Fig. 5b) , the major components of the Ast-HI are randomly oriented fibrils coated with granular materials and range in width ranging from 15 to 25 nm; that is, the granule-coated fibrils of the Ast-HI are identical to those of neuronal LBHI. Occasionally, small bundles of glial filaments surround the inclusions or exist within the inclusion-bearing astrocytic cell bodies (Fig. 6 ).
Inclusion formation in familial ALS

NEURONAL LBHI AND AST-HI IN SOD1-MUTATED FALS PATIENTS AND G85R TRANSGENIC MICE ARE IDENTICAL
The G85R transgenic mice develop neuronal LBHI and Ast-HI that are similar in HE preparations to those of SOD1-mutated FALS patients (Fig. 7a) . In relation to the fact that the human mutant SOD1 gene (G85R) is carried into normal mice, both inclusions in G85R mice are positive for SOD1 (Fig. 7c ). The prototype line of these G85R mice used in this study is line 148 in which the human mutant SOD1 accumulates to 0.1% of total protein (equivalent to mouse SOD1). 19, 20 The ultrastructure of Ast-HI and neuronal LBHI in the G85R transgenic mice and human SOD1-mutated FALS patients is identical. The essential common constituents of both inclusions in both diseases are approximately 15-25 nm granule-coated fibrils and granular materials (Fig. 8) .
In correlation with the immunohistochemical findings that the neuronal LBHI and Ast-HI in both SOD1-mutated FALS and G85R mice are intensely reactive for SOD1, the formation of the granule-coated fibrils may be directly related to the SOD1 gene mutations. In fact, electron microscopy using the indirect immunogold technique reveals that colloidal gold particles labeled by the antibody against SOD1 are found only on the surfaces of the granule-coated fibrils of both inclusions in both diseases (Fig. 9 ). This finding indicates that SOD1 is a common component of the granule-coated fibrils of the inclusions in diseases caused by various SOD1 mutations, and is integrated into the granule-coated fibrils as a core protein.
The detailed protein composition of neuronal LBHI and Ast-HI of FALS patients with SOD1 gene mutation and G85R transgenic mice is analyzed immunohistochemically. The essential common constituents of both types of inclusions in both diseases are SOD1-positive granulecoated fibrils. When granule-coated fibrils are formed as neuronal LBHI in neurons, the LBHI express certain neuronal epitopes such as phosphorylated neurofilament protein (NFP; Fig. 10a ), non-phosphorylated NFP, synaptophysin (Fig. 10b) , and neuron-specific enolase (Fig. 10c) . When granule-coated fibrils are produced as Ast-HI in astrocytes, the inclusions express several astrocytic markers such as alphaB-crystallin (Fig. 11a) , metallothionein (Fig. 11b) , glutamine synthetase (Fig. 11c) , and S-100 protein (Fig. 11d) . Both inclusions in both diseases also contain constitutive cytosolic proteins of neurons and astrocytes such as tubulin (Fig. 11e ) and tau protein (Fig. 11f) .
FORMATION PROCESS OF GRANULE-COATED FIBRILS AND GRANULAR MATERIALS AT ULTRA-STRUCTURAL LEVEL
At an early stage of the Ast-HI formation, analysis by electron microscopy reveals that the inclusions are barely demarcated from the other cytoplasmic structures and seem to resemble globules, but have no limiting membrane (Fig. 12a) . At high-power magnification, the early stage inclusions appear as loosely aggregated structures composed mainly of granular materials. A few granule-coated fibrils are evident within these aggregations (Fig. 12b) .
With the light microscope, the early stage inclusions appear as almost normal astrocytes, or as astrocytes with very faintly eosinophilic structures, in HE preparations. As the inclusions develop, the component of granule-coated fibrils is increased and the granule-coated fibrils are more densely aggregated. The aggregation of the granule-coated fibrils can then be observed as small inclusions (i.e. Ast-HI) within the astrocytic cell bodies at the level of ultrastructure (Fig. 13) . In HE preparations, the small Ast-HI appear only as tiny eosinophilic structures. In SOD1 immunostaining preparations, they are visible as tiny, SOD1-positive spots within the astrocytic cytoplasm. In astrocytes with more developed inclusions, many lysosomes are seen within the cytoplasm (Fig. 14) . This glycation endproduct (AGE) formation (Fig. 16) . N ε -Carboxymethyl lysine (CML), pyrraline, and pentosidine are well-known AGE structures. Many proteins with lysine or arginine residues are easily modified by the Maillard reaction. This reaction starts with non-enzymatic glycation of the proteins, and the transformation of glycated proteins into Schiff bases. Next, they are converted to Amadori compounds, and these compounds are finally transformed into AGE-modified protein. In general, AGE themselves are long-lived, insoluble molecules that are readily deposited in cells, 21, 22 and which have direct cytotoxic effects. [23] [24] [25] Together with the fact that SOD1 is a target protein of the Maillard reaction, 26, 27 it is the novel immunohistochemical finding that almost all of the neuronal LBHI and Ast-HI in mutant SOD1-linked FALS and G85R transgenic mice are positive for CML (Figs 17c,18) and pyrraline (Figs 7b,17d ). In addition, some of both inclusions in both diseases are also stained by the antipentosidine antibody (Fig. 19) . Based on the fact that SOD1 is a major protein of the granule-coated fibrils, those novel findings indicate that the formation of SOD1-positive granule-coated fibrils is related to the production of AGE-modified SOD1 such as CML-modified SOD1, pyrraline-modified SOD1 or pentosidine-modified SOD1. The CML in the granule-coated fibrils and granular
74
S Kato et al. increased number of lysosomes in inclusion-bearing astrocytes may reflect an activated digestion against the granule-coated fibrils and granular materials, during growth of the inclusions. In addition, the ubiquitin system is also activated. The granule-coated fibrils forming Ast-HI and neuronal LBHI are intensely positive for ubiquitin (Fig. 15) . However, the granule-coated fibrils and granular materials cannot be digested by the lysosomal and ubiquitin systems. As the granule-coated fibrils and granular materials increase, astrocytic cytoplasm is almost entirely replaced by the abnormal granule-coated fibrils and granular materials (Fig. 5) . Astrocytes in which the cytoplasm is largely replaced by the indigestible granulecoated fibrils may not be able to maintain their normal metabolism and normal functions.
FORMATION OF ADVANCED GLYCATION ENDPRODUCT (AGE)-MODIFIED SOD1: A MECHANISM FOR GRANULE-COATED FIBRIL FORMATION
To 15 Immunoelectron micrograph of a core and halo type of astrocytic hyaline inclusion (Ast-HI) stained with the antibody to ubiquitin. Electron-dense immunoreaction product deposits are located on Ast-HI constituents. Nuclear staining is also seen, because ubiquitinated histone is a constituent of the nucleus. 38 Indirect immunoperoxidase staining method, contrast-stained with uranyl acetate (ϫ5100). (From Kato et al. 2 reproduced with permission from the journal of Histology and Histopathology.) 16 Maillard reaction. Superoxide dismutase-1 (SOD1) with 11 lysine residues and four arginine residues is a target protein of the Maillard reaction. The Maillard reaction starts with non-enzymatic glycation of SOD1, and the glycated SOD1 is finally transformed into advanced glycation endproduct (AGE)-modified SOD1. N ε -Carboxymethyl lysine (CML), pyrraline and pentosidine are well-known AGE. materials of both the Ast-HI and the neuronal LBHI in mutant SOD1-linked FALS and G85R transgenic mice were identified by immunoelectron microscopy analyses (Fig. 20) . These analyses show that SOD1 is also integrated into the granule-coated fibrils of both inclusions in both diseases. In contrast, focal deposition of neither CML nor SOD1 is observed in astrocytes and neurons of normal individuals and mice or in sporadic ALS patients without SOD1 gene mutation. These findings are similar to those for pyrraline or pentosidine; for example, electron microscopy by indirect immunogold-labeling analyses revealed that immunogold particles labeled by pyrraline are found on the surfaces of the granule-coated fibrils. 28 Therefore, the formation of the AGE-modified granulecoated fibrils suggests that at least some of the SOD1 making up the granule-coated fibrils of both inclusions in both diseases is transformed into the AGE-modified SOD1. Whether the AGE modifications precede or follow initial aggregate formation is not established.Together with mutant SOD1 aggregation toxicity, noted in in vivo 19 and in vitro 29 experiments, it is conceivable that the formation of the AGE-modified SOD1 in both inclusions in both diseases could amplify the aggregation of mutant SOD1 and could result in greater toxicity. Moreover, the granulecoated fibrils containing the insoluble AGE-modified SOD1 cannot be digested by the lysosomal and ubiquitin systems, and these fibrils containing the cytotoxic AGEmodified SOD1 increase in the cytoplasm of neurons and astrocytes, showing that the cytotoxic materials increase in the cells. Therefore, one of the mechanisms responsible for the formation of the granule-coated fibrils is the Maillard reaction.
At the cellular level, living cells can induce a diverse group of stress-response proteins (SRP; 27 kDa, 32 kDa, 20 Immunoelectron micrograph of indirect immunogold labeling of a neuronal Lewy body-like hyaline inclusion (LBHI) in a mutant superoxide dismutase-1-linked familial amyotrophic lateral sclerosis patient by the antibody against N ε -carboxymethyl lysine (CML). (a) Low-power magnification of a neuronal LBHI at the section without nucleus. The LBHI has a globular structure without a limiting membrane and consists mainly of fibrils and granular materials (arrows); counterstained with uranyl acetate and lead citrate (ϫ6000). (b) At higher magnification (portion marked by arrowheads in (a), colloidal gold particles labeled by the CML are present only on the surfaces of the granule-coated fibrils and granular materials. However, immunogold particles are not located on the neurofilaments (arrowheads with NF); counterstained with uranyl acetate and lead citrate (ϫ28 000). (From Kato et al. 15 reproduced with permission from the journal of Acta Neuropathologica.) 60 kDa, 70 kDa, 72 kDa and 90 kDa) in response to different types of biological stresses including oxidative stress. 30 The formation of 4-hydroxy-2-nonenal (HNE) and acrolein is thought to be indicative of lipid peroxidation. In the mutant SOD1-related FALS and G85R transgenic mice, HNE (Fig. 19c ) and acrolein formation, as well as induction of SRP (27 kDa, 32 kDa, 60 kDa, 70 kDa, 72 kDa and 90 kDa), in the neuronal LBHI and Ast-HI is below the level detectable by immunohistochemical methods. 28 AGE modification has also been observed in the aortic wall in atherosclerosis, 31 and in aged brains. 32 With the progression of normal aging, the AGE-modified proteins accumulate gradually in the organs. The formation of CML-modified protein or pentosidine-modified protein from each Amadori compound requires small amounts of oxidation at a low level. In fact, even in normal aging, the oxidative stress necessary for CML or pyrraline formation is present. The formation of CML or pyrraline in normal individuals takes place during their life span of about 80 years of age under the low levels of oxidation. On the other hand, oxidation is not necessary for the formation of pyrraline-modified protein. Although AGE formation in SOD1-mutated FALS patients occurs more easily than in normal individuals, the level of oxidation stress in SOD1-mutated FALS patients is not significantly higher than in normal aged individuals.
Peroxynitrite is formed mainly through the reaction of nitric oxide (NO) with superoxide anion, and the nitration of proteins by peroxynitrite could be neurotoxic. [33] [34] [35] The neuronal nitric oxide synthase (nNOS) found in neurons and the inducible NOS (iNOS) in astrocytes are known to produce NO. 36 The neuronal LBHI and Ast-HI as well as these inclusion-bearing cells in the SOD1-mutated FALS and G85R transgenic mice are not stained by the antibodies against nNOS and iNOS, respectively. 28 Thus, no significant production of NO appears to take place in either the inclusions themselves or in the inclusion-bearing cells. Moreover, in the SOD1-mutated FALS and G85R mice neither type of inclusion was stained by the antibody to nitrotyrosine. 28 Therefore, protein nitration is not a major toxic pathway in SOD1-mutated FALS and G85R mice.
Among the hypotheses to explain the toxic property of mutant SOD1, based on data from the previous experiments with transgenic mice expressing ALS-linked mutations, 19, 20, [33] [34] [35] 37 is a hypothesis that the aggregated toxicity of mutant SOD1 leads to part of the mutant SOD1-mediated toxicity through as-yet-unidentified mechanisms. 19 Our study clearly suggests that the formation of AGE-modified SOD1 (probably AGE-modified mutant SOD1) is one of the mechanisms responsible for the granule-coated fibril formation (i.e. inclusion formation). In particular, formation of the AGE-modified mutant SOD1 could result in higher toxicity, while oxidative stress and protein nitration due to peroxynitrite might not be key toxic properties in mutant SOD1-linked disease in human or mouse.
